A nitrosoguanidine-induced mutant, designated UAB90, of Streptococcus mutans PS14 (serotype c) strain UAB62, was identified on the basis of its unique colony morphology and isolated on brain heart infusion agar. Other mutants displaying similar colony morphologies on brain heart infusion agar were isolated after ethyl methane sulfonate mutagenesis of UAB62 and S. miltans 6715 (serotype g) strains UAB61 and UAB66, and these were found to exhibit abnormalities in cell morphology, chain length, or both. All mutants were examined further for (i) adherence and aggregation after overnight growth in medium containing sucrose, (ii) growth and aggregation in brain heart infusion broth and medium containing glucose, (iii) aggregation of nongrowing cells in the presence of 2 mg of sucrose per ml or 200 Vig of dextran per ml, (iv) dextranase activity, and (v) ease of cell lysis. Mutants isolated included several with long chains of enlarged cocci, and two of these strains, UAB261 and UAB433, along with UAB90, were more susceptible to cell lysis than were their parents. UAB261, isolated from UAB62, maintained other parental characteristics, whereas UAB433, isolated from UAB66, lost its ability to aggregate in the presence of either sucrose or dextran. The "fragile" mutant UAB90 was particularly useful in the isolation of high-molecular-weight DNA for early gene cloning experiments by our laboratory. Two other cell morphology mutants, UAB272 from UAB66 and UAB289 from UAB61, did not lyse better than their parents, but both lacked measurable dextranase activity. A final mutant, UAB276 from UAB66, displayed only increased chain length without apparent cell morphology variations. Chains produced by this mutant were up to 10 times longer than those produced by UAB66. UAB276 lysed slightly less well than its parent but retained all other wildtype characteristics examined.
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Streptococcus mutans is commonly found in the oral cavity, where it is a major etiological agent of dental caries. This bacterium is resistant to induction of cellular lysis by several methods (2, 4, 7, (21) (22) (23) (24) . Indeed, significant levels of lysozyme-facilitated cell lysis for many S. mutans strains can only be obtained after pretreatment of cells with threonine (2, 3) or glycine (23) to form "spheroplasts." In the latter case, cells grown in the presence of 5% glycine lyse with approximately 80% better efficiency after lysozyme, protease, and sodium dodecyl sulfate treatment than do cells grown without added glycine (24) .
During an attempt to isolate nitrosoguanidineinduced auxotrophic mutants of the S. mutans PS14-derived serotype c strain UAB62, strain UAB90 was discovered, owing to its unique colony morphology, on brain heart infusion (BHI) agar (Difco Laboratories, Detroit, Mich.). When grown anaerobically at 37°C for 48 h, UAB90 occurred as a slightly rough, convex, round colony with an erose margin, whereas the parent occurred as a smooth, convex, round colony on BHI agar (1, 20) . On mitis salivarius (MS) agar (Difco), UAB90 occurred as a small, smooth, round, nonadherent colony, as opposed to its rough, slightly adherent parent. This strain retained the antibiotic resistance and fermentation characteristics of UAB62 and grew at rates comparable to those of UAB62 in partially defined (PD) medium (9) plus 2% glucose or in BHI broth (Difco). However, unlike its parent, UAB90 exhibited significant clumping when grown in BHI broth or PD medium plus glucose. The most interesting characteristic of UAB90, however, was its unique cell morphology. Microscopic examination of UAB90 revealed long chains of enlarged, amorphous cells, as opposed CELL AND CHAIN MORPHOLOGY MUTANTS OF S. MUTANS 283 to the small, round cocci of UAB62 (see Fig. 1 ). In fact, cells of UAB90 grown in the absence of glycine resembled the glycine-induced spheroplasts of UAB62. Also, this strain displayed a 74% increase in lysozyme-facilitated lysis when compared with its parent strain, UAB62, grown in the absence of glycine. Before the development of more efficient methods for the lysis of a variety of S. mutans strains (2, 3, 14, 24) , highmolecular-weight DNA isolated from UAB90 was used by our laboratory for the cloning of S. mutans genes into Escherichia coli (6) .
Unfortunately, repeated culturing and subsequent plating of UAB90 on MS agar revealed increasing numbers of wild-type and nearly wildtype, rough, adherent colonies. Microscopic examination of cultures from various revertant colony types revealed that most had chains of normal or nearly normal cocci. Increases in the proportion of normal cells were reflected by a decreased degree of lysozyme-facilitated lysis, which was more comparable to wild-type levels. Routine screening of mutagenized cultures of three S. mutans strains led to the isolation of five stable mutants possessing colony morphology characteristics on BHI agar similar to those of UAB90.
We report here the isolation and properties of these additional mutants, which include one that produced normal cocci that grew in chains significantly longer than those produced by the parent strain and four that produced long chains of abnormal cells. In each case, it was apparent that there was a correlation between colonial variations and chain length aberrations.
MATERIALS AND METHODS
Bacterial strains and culture media. Parental strains UAB61 (6715, serotype g, Strr, grows slowly in the presence of fructose), UAB62 (PS14, serotype c, Strr Rifr), and UAB66 (6715, serotype g, Strr Spcr) and all mutants were maintained at -70°C in 1% peptone and 5% glycerol and at 4°C on BHI agar slants which were transferred monthly.
Strains were cultured in BHI broth, Todd-Hewitt broth (Difco), modified FMC medium plus 1% glucose (20) , or PD medium supplemented with 1% sucrose or 2% glucose. Colony morphology characteristics (1) were examined on MS and BHI agars. Dextranase production was determined on blue dextran agar (20) .
Isolation of UAB261, UAB272, UAB276, and UAB289. Mutagenesis with ethyl methane sulfonate (EMS) was performed as previously described (20) . Overnight BHI broth cultures of mutagenized cells of UAB61, UAB62, and UAB66 were pelleted by centrifugation in the SS34 rotor of a centrifuge (Ivan Sorvall, Inc., Norwalk, Conn.) for 15 min at 10,000 rpm, and the pellet was washed in buffered saline with gelatin (5) and plated on BHI agar. The plates were incubated anaerobically for 48 h at 37°C. All plates were examined for colonies which varied from the wild-type morphology. Each mutant was picked, purified on BHI agar, and stored.
Isolation of UAB433. Mutagenesis with EMS was performed as previously described (20) . Mutagenized cells of UAB66 were suspended in PD medium plus 1% glucose. After overnight incubation at 37°C to allow phenotypic expression, 0.5% high-molecularweight dextran T2000 (Sigma Chemical Co., St. Louis, Mo.) was added, and the culture was held for 1 h at 37°C while aggregation occurred. Aggregated cells were sedimented in the SS34 rotor of a Sorvall centrifuge for 2 min at 1,000 rpm, and the supernatant fluid was retained. This fraction was then centrifuged for 15 min at 10,000 rpm in the SS34 rotor of a Sorvall centrifuge to pellet nonaggregating cells. The resulting pellet was used to inoculate fresh PD medium plus 1% glucose, and this fresh culture was incubated overnight at 37°C. The culture was handled in the manner outlined above, and this procedure was repeated four times. The final culture was plated on BHI agar. UAB433, which varied from the wild type, was picked, purified, and stocked.
Mutant characterization. Overnight BHI broth cultures of each mutant were examined by phase-contrast microscopy for cell or chain length abnormalities. Both wet and dry mounts of strains were initially examined by Nomarski interference microscopy and phase-contrast microscopy. Because drying made abnormal cells indistinguishable from normal cocci, wet mounts of parent strains and strains exhibiting abnormalities in cell morphology or chain length were photographed with a Zeiss Photomicroscope IlI. Chain lengths were determined with a Graphics Calculator (Numonics, Lansdale, Pa.) from enlargements of photographs of wet mounts of BHI broth-grown overnight cultures (taken with the phase 2 objective). Duplicate measurements of 10 or more representative chains for each strain were taken. Cell lengths and diameters were determined from enlargements of photographs of wet mounts taken by Nomarski interference microscopy. Duplicate measurements of chain lengths were made and their sum was divided by the number of distinct cocci to give an average length of an individual coccus along the chain axis. Diameters of individual cells were also determined by measuring across each cell perpendicular to the chain axis.
All strains were examined by methods previously described for (i) adherence to glass after growth in PD medium plus 1% sucrose; (ii) aggregation after growth in PD medium plus 1% sucrose, PD medium plus 2% glucose, or BHI broth; (iii) aggregation of nongrowing cells after the addition of 2 mg of sucrose per ml or 200 ,ug of dextran per ml; (iv) dextranase production on blue dextran agar plates and dextranase production determined quantitatively by measuring the reducing sugars generated from dextran, (v) retention of antibiotic resistance markers; and (vi) fermentation of mannitol, sorbitol, raffinose, and melibiose (10, 20 (20) .
Dextranase activity of mutants was measured quantitatively by a modification of the Somoygi method (20) (16) , and dextranase activity was measured as described previously (20) .
Cell lysis. Strains were grown overnight in ToddHewitt broth. Each culture was diluted 1:5 in fresh Todd-Hewitt broth and grown to midexponential phase. Cells from each culture were centrifuged in the SS34 rotor of a Sorvall centrifuge for 15 min at 10,000 rpm, washed in buffered saline with gelatin, and suspended in 30 ml of Todd-Hewitt broth to an optical density at 600 nm of 0.10. Cultures were incubated at 37°C for 1 h, and then either [5-3H] of 2 x 10-3 to 5 x 10-3. These colony variants were picked, purified, and restreaked on BHI agar to verify stability of the morphological differences. Microscopic examination of cultures revealed that several of these strains had cell morphologies and chain lengths that differed from those of their parental strains, although, as seen in UAB90, most of these strains proved to be too phenotypically unstable to warrant further study.
One mutant isolated from UAB62, UAB261 ( Fig. la and b) , produced colonies similar to those of UAB90 on BHI agar. However, unlike UAB90, UAB261 produced minute, rough colonies on MS agar. Microscopic examination of UAB261 ( Fig. le and f) revealed long chains of amorphous cocci that resembled those of UAB90 ( Fig. lc and d) .
Another mutant, UAB289, which produced colonies similar to those of UAB90 on BHI agar, was derived from UAB61 ( Fig. 2a and b) . On MS agar this mutant produced rough, hard colonies resembling those of its parent, but, as with UAB90 and UAB261, microscopic examination of this strain revealed similar long chains of enlarged cocci (Fig. 2c and d) .
Two colony morphology variants, UAB272 and UAB276, were isolated on BHI agar from mutagenized UAB66. UAB272 produced large, rough, flat, round colonies with erose margins FIG. 1 . Photomicrographs of BHI broth-grown overnight cultures of (a) UAB62 (phase-contrast microscopy), (b) UAB62 (Nomarski interference microscopy), (c) UAB90 (phase-contrast microscopy), (d) UAB90 (Nomarski interference microscopy), (e) UAB261 (phase-contrast microscopy), and (f) UAB261 (Nomarski interference microscopy). goo on BHI agar, whereas on MS agar, this strain produced colonies which were minute and rough. UAB272 formed long filamentous chains that consisted of mostly elongated, oblong cells and a few minute cocci ( Fig. 3c and d) . UAB276 produced smooth, convex, round colonies with erose margins on BHI agar but produced colonies which resembled those of UAB66 on MS agar. Microscopic examination of UAB276 ( Fig.   3e and f) revealed normal cocci in chains as much as 10 times longer than those produced by the parental strain, UAB66 (Fig. 3a and b again, the majority of mutants were too unstable in phenotype to justify careful study. One mutant which appeared to be phenotypically stable, UAB433, was purified and stocked. This mutant produced rough, round, convex colonies with erose margins, similar to those of UAB90, on BHI agar. On MS agar, it produced umbonate colonies with rough, hard centers and smooth, soft rims. Microscopic examination of this strain revealed long chains of slightly enlarged cocci ( Fig. 3g and h) .
Mutant characterization. Comparisons of the chain lengths, cell lengths, and cell diameters of the strains are shown in adherence phenotype. This strain adhered to the gregation under both conditions. UAB433, the glass surface in the form of large adherent aggre-mutant isolated after enrichment for nonaggregates of cells, as opposed to the smooth conflu-gating mutants, did not exhibit the same propenent coat of cells produced by its parent, UAB66. sity for aggregation in BHI broth or in PD The measurement of the degree of dextran-or medium plus 2% glucose displayed by UAB90, sucrose-induced aggregation shown by strains UAB261, UAB272, and UAB289. In addition, UAB90, UAB261, UAB272, and UAB289 was this mutant was unable to aggregate in the hampered since all of these strains aggregated presence of exogenous sucrose or dextran. significantly when grown either in PD medium All mutants were tested for production of plus 2% glucose or in BHI broth (Table 2 ). These dextranase on blue dextran agar; UAB272 and aggregates could only be partially dispersed by UAB289 both lacked enzyme activity. Quantitavigorous blending with a Vortex mixer after tive measurements of extracellular, intracellususpension in glycyl-glycine buffer; neverthe-lar, and cell-bound dextranase levels in all muless, an attempt was made to examine these tants are summarized in Table 3 . Again, strains for aggregation beyond these background UAB272 and UAB289 lacked measurable activilevels ( Table 2 ). For each of these four strains, ty in all fractions. All other mutants produced aggregation was increased slightly by the pres-dextranase in all fractions. ence of sucrose and, for UAB289 and UAB272
Cell lysis. To determine if abnormalities in cell but not for UAB90 and UAB261, by the pres-morphology affect the susceptibility of the cell ence of dextran. UAB276 did not display back-walls of mutants to enzymatic digestion, we ground aggregation and produced wild-type ag-compared the mutant strains for ease of lysis 4+  3+  2+  0  0  4+  4+  UAB272  4++  4+   4+  2+  2+  3+  4+  UAB276  3+  4+  2+  0  0  3+  4+  UAB433  4+  3+  0  0  0  0  0   UAB62  4+  3+   1 +   0  0  3+  2+  UAB90  2+  3+  2+  2+  2+  3+  2+  UAB261  4+  3+  2+  2+  2+  3+   2+ a Glass tubes of PD medium plus 1% sucrose, PD medium plus 2% glucose, or BHI broth were inoculated and incubated standing at 37°C for 24 h. Each culture was scored for aggregation, and cells grown in PD medium plus 1% sucrose were scored for adherence to the glass surface. See text for explanation of scoring.
b Aggregation of washed cells after the addition of sucrose or dextran T2000 (10, 20 (20) .
b Extracellular protein samples were isolated from the cell-free culture supernatant fluids (see text).
' Cells, after a 2 M NaCl wash, were sonicated to obtain intracellular protein samples (see text).
d Cell-associated proteins were removed by washing the cells with 2 M NaCl (see text).
e ND, Not detectable.
with the parental strains UAB61, UAB62, and UAB66. Originally the intention was to label the DNAs of all strains with [methyl-3H]thymidine. However, repeated efforts to label PS14-derived strains UAB62, UAB90, and UAB261 with this compound were unsuccessful. These strains were successfully labeled with [5-3H] uridine. After treatment of the cells to induce lysis, the percentage of labeled DNA or RNA released was calculated (Table 4) .
As expected, UAB261, which is similar to UAB90 and which was isolated from the same parent, lysed with better efficiency than did its parent, UAB62. Of the other mutants tested, only UAB433 showed a significant increase in lysis over its parent, UAB66.
DISCUSSION
The isolation of UAB90 and its subsequent characterization led us to examine mutagenized cultures for mutants with similar colony variations on BHI agar as a means of isolating additional lysis-sensitive mutants. Colony morphology variants expressed a wide range of variations in phenotype, but, as did UAB90, many proved to be genetically unstable. We isolated, however, five additional mutants with similar colony morphology variations which appeared to be genetically stable. The variant colony morphologies expressed on BHI agar by these mutants were accompanied by an increase in chain lengths (Table 1) . This, however, did not necessarily dictate that there would also be a change in cell morphology. For example, UAB276 (Ta- ble 1 and Fig. 3e and f) produced long chains of normal cocci which also led to an alteration of colony morphology on BHI agar. Many of the enzymes and polysaccharides reported to be involved in the adherence and aggregation of S. mutans are known to be cell wall associated (11, 18, 19, 27) . Thus, all mutants were examined for virulence characteristics such as adherence, aggregation, and dextranase production. Since UAB90 was nitrosoguanidine induced, the reduced adherence it displayed could have been the result of a second mutation unrelated to the cell aberration exhibited. However, an increase in the number of revertants having normal cell morphology in a culture of UAB90 was also reflected by a corresponding increase in the ability of this strain to adhere. Consequently, the abnormal cell morphology exhibited by UAB90 probably resulted from a single mutation that had in some way altered the cell wall such that wide-type adherence did not occur.
Changes in cell morphology or chain length did not affect the rate of growth of any of these strains in any of the media used, but, unlike their parent strains, UAB90, UAB261, UAB272, and UAB289 aggregated significantly in both PD medium plus 2% glucose and in BHI broth (Table 2 ). This clumping appeared to be similar to that reported for broth-grown cultures of Streptococcusfaecium mutants with altered cell morphology (26 UAB433, which also displayed cellular abnormalities, had aggregation properties similar to those of mutants previously described by us as phenotypic group 7 (20) . Such mutants do not exhibit sucrose-or dextran-induced aggregation of nongrowing cells but do exhibit aggregation when grown in a medium that contains sucrose. Such mutants might have defects which weaken the association of the cell wall with enzymes which bind sucrose or dextran; thus, these mutants exhibit normal aggregation under growth conditions. These weakly bound enzymes might be subsequently removed during washing of the cells before the addition of sucrose or dextran. In the case of UAB433, this defect was possibly reflected by a variation in cell morphology.
An unexpected result was that two mutants (UAB272 and UAB289) were dextranase negative. It has been postulated that the presence of dextranase is necessary for the formation of water-insoluble glucans (11, 27) and thus is necessary for S. miutans strains to adhere. Dextranase activity-lacking mutant properties described previously (20) and properties of mutants identified in this study require that this postulate be modified. We have previously identified mutants lacking dextranase activity that are defective only in adherence, only in aggregation, or in both adherence and aggregation (20) . In addition, UAB272 and UAB289, described in this report, were dextranase negative and proficient at both adherence and aggregation. It therefore seems likely that the role of dextranase, either as an enzyme or as a cell surface component, is more complex than previously believed. It should be stressed that UAB272 or UAB289 and the mutants previously isolated (20) could have a defect in dextranase alone, in some protein necessary for dextranase activity (with or without influence on adherence, aggregation, or both), in an enzyme needed for dextranase processing, modification, or both, in an enzyme needed for translocation of dextranase from the cytoplasm to the cell surface, or in some cell surface property that leads to the more rapid loss or degradation of dextranase.
The ability of S. mutans cells to resist lysozyme-facilitated lysis has been previously described (2, 4, 7, (21) (22) (23) (24) . Although the mechanism by which this occurs is not fully understood, several interesting facts are known. Data suggest that S. mutans will bind lysozyme extracellularly in such a way that the enzyme cannot induce gross cellular lysis. Only when the enzyme is released, after the addition of low concentrations of inorganic anions, does actual lysis occur (22) . Further data suggest that lysozyme bound by S. mutans penetrates the cell wall and alters the permeability of the plasma membrane. The release of the enzyme in the presence of chaotropic anions results in gross cellular lysis that reflects the disruption of this membrane. Subsequent peptidoglycan hydrolysis, if it occurs, is possibly the result of the action of autolytic enzymes rather than the direct muramidase action of lysozyme (21) (22) (23) . Lysis-sensitive mutants such as UAB90, UAB261, and UAB433 could therefore have resulted from a mutation which affects (i) the ability of the cell wall to bind lysozyme; (ii) the permeability of the cell wall, so that more unbound lysozyme is able to attack the plasma membrane; or (iii) the availability of autolytic enzymes for hydrolysis of the cell wall. Such defects might also affect cell morphology, since the first two mutations affect the cell wall directly, and the third involves enzymes known to be involved in the regulation of streptococcal cell wall enlargement (25) .
Although the morphology of UAB289 cells was similar to that of UAB90, UAB261, and UAB433 cells, no increase in lysozyme-facilitated lysis was seen. Thus, relating ease of cell lysis to enlarged cells was not always valid. Mutants of other gram-positive organisms which vary in cell size have been described, and in each case, the increase or decrease in cell size has been attributed to reduced autolysin activity (8, 26) . UAB289, then, might have resulted from a mutation which resulted in reduced levels of or defective autolytic enzymes.
UAB272 exhibited cell abnormalities not seen in other mutants. The presence of elongated cells suggested that this mutant could have had either a mutation which affected the formation of cross walls to inhibit or at best delay the separation of cocci, or one which directly affected cell shape.
Long-chain mutant UAB276 probably possessed differences in cell surface components that either increased the cell adhesion of cocci in chains or eliminated some factor that normally weakens the contacts between adjacent cocci in chains. This could have led to the formation of long chains and also could explain the fact that cells of UAB276, washed and blended with a Vortex mixer before lysis, still occurred in 8-to 10-cell chains. This was not true of the parent, whose chains were broken down to predominantly one-and two-cell units during repeated washing and blending with a Vortex mixer.
Each mutant described here displayed interesting phenotypic characteristics which warrant further study. Close examination of the physical structure of the cell walls by electron microscopy or analysis of the wall structures with bacteriolytic enzymes (8, 12, 13) 
